Our ability to accurately forecast species' geographical responses to climate change requires knowledge of the proximate and ultimate drivers of their distribution. Here, we consider the ecophysiological and demographic determinants of the distribution of a partial migrant, the North American field sparrow, Spizella pusilla. From 1940 to 1963, the field sparrow extended its winter northern range margin 222 km polewards. Such expansion was coincident with not only a geographical expansion into suitable breeding habitats, but also a decrease in mean abundance across sites occupied during the winter surveys. Combined, these trends suggest that declining populations along the expansion front either stopped migrating or altered their autumn migration. The poleward expansion was not coincident with climatically induced decreases in peak metabolic energy demand, but it did track increases in ecosystem net primary productivity. After 1963, the species' lower lethal temperature prevented further poleward movement. These findings show how different ecophysiological constraints can interact to change migration and distribution in a demographically declining species.
INTRODUCTION
Species are colonizing new areas as a result of recent climate change (Parmesan 2006) . The ability to accurately forecast distributional responses to ongoing changes in climate requires knowledge of the mechanisms that govern the species' observed and potential range limits (Kearney & Porter 2004; Bernardo & Spotila 2005; Hijmans & Graham 2006) . Most studies assume that species' distributions are in equilibrium with the environment (Guisan & Thuiller 2005) , and thus track climatically induced changes in the boundaries of the geographical realization of their potential niche ( Jackson & Overpeck 2000) . However, this assumption (i) ignores the possibility that species are still expanding out of refugia (Hewitt 2000; Svenning & Skov 2004) , (ii) disregards behavioural (Kearney 2006) and evolutionary (Thomas et al. 2001; Smith & Betancourt 2006) changes enabling species to colonize new areas of niche space and (iii) overlooks the fact that multiple-often non-mutually exclusive and spatio-temporally variable-mechanisms can act to maintain distributional equilibrium (Brown et al. 1996) . Here, we use an historical time-series analysis that combines weather, distribution, abundance and physiological data to characterize the ecophysiological and demographic determinants of geographical range in a migrating bird species.
MATERIAL AND METHODS
(a) Study species The field sparrow, Spizella pusilla (Emberizidae) is a partial migrant in eastern North America. Annual latitudinal migration occurs once in the early spring and again in the late summer or early autumn, but winter and summer distributions exhibit extensive geographical overlap, and the species is found year-round throughout much of the eastern USA (Carey et al. 1994) . Habitats include grasslands and forest edges (Allaire & Fisher 1975) , and densities appear to be highly dependent on the availability of suitable habitat ( Fretwell 1970) . Recent increases in urbanization and agriculture have probably altered many habitats that were suitable in the late nineteenth century (Carey et al. 1994) , and the species has been declining since the mid-1960s (Sauer et al. 2007) . During this period, the species' mean winter northern range margin was constrained energetically by an average winter temperature isocline of K78C (Root 1988) . Importantly, previous research considered only the location of the winter northern range boundary at a single point in time and did not investigate whether peak metabolic energy demand was coincident with lower lethal temperature or whether environmental energy supply, as measured by ecosystem net primary productivity (NPP), was a better predictor of the northern range margin. Owing to the availability of field surveys and physiological experiments conducted during the non-breeding season, we also focus on the winter distribution of the species, but in contrast to previous work we use a long time series to infer the mechanisms responsible for periods of range movement and stasis.
(b) Distribution and abundance Time-series data on the winter distribution and abundance of the field sparrow were obtained from the Audubon Christmas Bird Count (CBC; Butcher 1990) . We restricted our analysis to CBC data collected between 1940 and 1997 because these were the years with publicly available data that enabled us to estimate abundance. Data were further restricted to the 72 sites in suitable habitats (according to Carey et al. 1994 ) with 95% or more temporal coverage. The selected sites also fully encompassed the summer or breeding range of the species. Relative abundance, an index of population size, was estimated by dividing the log-transformed number of birds counted by survey effort (number of 'party' hours), 1000!log(xC1)/effort; this estimate assumed constant detection probability per unit effort. Mean relative abundance was calculated in two ways: aseasonal abundance was calculated by averaging estimates of relative abundance across all 72 selected sites (irrespective of occupancy), while seasonal abundance was calculated by averaging relative abundance across only those sites where the species was observed in a given year. We conducted several diagnostic analyses to ensure that our CBC results were not artefacts of survey design. These and other important features of our analysis, including published estimates of physiological parameters, weather data and the mapping of ecophysiological and geographical range limits, are presented in the electronic supplementary material.
(c) Statistical tests
We used linear models to establish whether our estimates of distribution, abundance and ecophysiological constraints were related to time. Based on these results, we then determined whether the northern range limit tracked climatically induced changes in NPP. This was accomplished by first calculating the temporal rate of Electronic supplementary material is available at http://dx.doi.org/ 10.1098/rsbl.2008.0154 or via http://journals.royalsociety.org.
One contribution of 12 to a Special Feature on 'Global change and biodiversity: future challenges'. change in NPP with respect to the movement of the northern range margin and then comparing this time-series rate to the magnitude of the latitudinal rate of change in mean NPP using a two-tailed t-test. Ecophysiological niche tracking was considered synonymous with a failure to reject the null hypothesis of identical slopes.
RESULTS
The mean winter northern range boundary of the field sparrow increased from 38.58 to 40.58 N latitude (DZ222 km) between 1940 and 1963 (F 1,22 Z121.8, p!0.001, slopeZ0.078 yr K1 ; figure 1a ). The poleward expansion was coincident with a small but non-significant increase in mean aseasonal abundance (F 1,22 Z1.94, pZ0.18; figure 1b ) and a strong decrease in mean seasonal abundance (F 1,22 Z61.54, p!0.001; figure 1b) . Combined, the two abundance trends indicate that the species increasingly occupied new sites in the north while continuing to occupy the same sites in the south, but that abundance on a per occupied site basis decreased. Considering just the sites where the species was detected in 95% or more of the survey years, 1940-1963, mean seasonal abundance still declined significantly during the range expansion (F 1,22 Z22.41, p!0.001).
The poleward range expansion was not coincident with winter warming because the species moved northwards during a period when the lower lethal temperature isocline fluctuated about a mean of 42.58 N latitude (F 1,22 Z1.92, pZ0.18; figure 1a) figure 1a) . Meanwhile, the species' mean lower lethal temperature isocline fluctuated between 38.38 N (1977) and 45.48 N (1987) while maintaining an average position of 42.18 N latitude (F 1,32 Z0.15, pZ0.70; figure 1a ).
DISCUSSION
Our results suggest that climatically induced increases in NPP occurring in northeastern North America between 1940 and 1963 caused the field sparrow to alter or eliminate autumn migration in areas where historically the species never overwintered. This resulted in the winter northern range limit moving polewards, even when the species was declining throughout its winter range. In the year 1963, the field sparrow contacted its lower lethal temperature isocline and, at least until the year 1997, a lack of winter warming along the expansion front prevented further poleward movement.
These findings illustrate how different ecophysiological mechanisms can act at different times to maintain distributional equilibrium (Brown et al. 1996) . Correlative distribution models are potentially able to accurately predict past and future distributions of such species because there is a spatio-temporal correspondence between the observed and ecophysiologically determined potential range margins (Guisan & Thuiller 2005) . We stress 'potentially' because all empirical models projected to novel environments assume that the correct mechanism is being modelled using unbiased data and that the spatio-temporal correspondence between the response variable and the predictors remains constant (Austin 2002; Kadmon et al. 2003; Mustin et al. 2007) , assumptions that can be violated if populations undergo demographic collapse or if other distributional constraints such as biotic interactions or dispersal limitations change significantly through time (Davis et al. 1998; Crozier & Dwyer 2006) . The winter survey areas included in the present analysis also encompassed the breeding range of the field sparrow. Nevertheless, a comprehensive analysis would include information on the breeding biology of the species because migrants do not necessarily track the same ecophysiological constraints across seasons (Nakazawa et al. 2004) , and because winter distributional dynamics can be influenced by a multitude of intrinsic and extrinsic constraints operating in the breeding range (Sherry & Holmes 1995; Gordo et al. 2007) . We were unable to match our winter range expansion analysis with a corresponding summer analysis because the North American Breeding Bird Survey started only in the mid-1960s (Sauer et al. 2007) . Furthermore, we did not have access to ringing records for purposes of determining whether the expanding northern populations consisted of migratory or resident birds. Hence, our analysis was unable to distinguish among three possible autumn migratory changes capable of generating the observed patterns: (i) loss of migratory behaviour in expanding northern populations, (ii) shortening of autumn migration distance out of a geographically stable summer distribution, or (iii) maintenance of autumn migration distance out of a summer distribution that was also moving polewards.
Despite some uncertainty in the underlying autumn migratory response, our historical time-series analysis for the field sparrow provides a rare and important case study describing the demographic and ecophysiological mechanisms enabling species' distributions to either move or remain stationary in a changing climate. Four types of information are required to work towards applying this framework more broadly: (i) time-series data on species' distribution and abundance, (ii) estimates of species' physiological limits, (iii) knowledge of the climatic variables that interact with the physiological limits to determine both the observed and potential distribution of the organism, and (iv) spatio-temporal weather data for mapping observed and potential changes in distribution. Effective biodiversity conservation in the face of continued climate change requires increased efforts at obtaining and integrating across these disparate types of data, and ultimately selecting the appropriate spatio-temporal scales to ask questions related to the potential effects of climate change on species' distributions.
